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1 Introduction

To use the materials in nature, their physical and chemical
properties must be known. To set information about these prop-
erties, we have to determine the electronic structure, optical
and dynamical properties of materials. It requires so much
effort for calculating electronic band structure and optical
properties of crystals. However, in recent years, these proper-
ties could be calculated easily using computer calculation
based on first-principles. Density functional theory has proved
to be highly successful in describing electronic, optical,
dynamical and thermodynamic properties of materials. Using
density functional theory, many works has been devoted to
investigate alkali halides in B2 structure in scientific and tech-
nological area because of their interesting electro-optic, elec-
tro-mechanic properties and large dielectric constants etc.

The cesium chloride structure has considerable been
attracting attention due to its interesting properties. Cesium
chloride crystal is classified as an insulator at normal condi-
tions. This compound is interesting due to s-d transition at
the conduction band bottom under pressure. At zero pressure,
the ideal crystal structure of cesium chloride has a simple cubic
lattice, where the cesium atoms are located at the corners of the
cube and chloride atom at center.
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Abstract — The geometric structural optimization, electronic band structure, total density of states for valence elec-
trons, density of states for phonons, optical, dynamical, and thermodynamical features of cesium chloride have been
investigated by linearized augmented plane wave method using the density functional theory under the generalized
gradient approximation. Ground state properties of cesium chloride are studied. The calculated ground state proper-
ties are consistent with experimental results. Calculated band structure indicates that the cesium chloride structure has
an indirect band gap value of 5.46 eV and is an insulator. From the obtained phonon spectra, the cesium chloride
structure is dynamically stable along the various directions in the Brillouin zone. Temperature dependent thermo-
dynamic properties are studied using the harmonic approximation model.
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The physical properties of cesium chloride are a subject of
considerably theoretical and experimental interest. The dielec-
tric constant of cesium chloride was experimentally measured
depending on temperature and pressure [1]. Both experimental
and theoretical measurements of the second-order Raman
spectra of cesium chloride were carried out at both 300 and
80 K [2]. The ionic conductivity of cesium chloride depending
on temperature and hydrostatic pressure were presented and
discussed [3]. Spectra for the Cs'3d in cesium chloride were
investigated in detail [4]. The instability of cesium chloride
crystal was investigated under high pressures using a simple
model calculation [5]. The electronic band structure and cohe-
sive properties of cesium chloride compound were presented
within the local density functional formalism [6]. The prepara-
tion and microstructural characterization of cesium chloride
were reported in detail using combined cryogenic and room
temperature ball milling [7]. The absorption spectra of cesium
chloride molecule and dimer were investigated using time of-
flight technique [8]. The effect of cesium chloride capping lay-
ers on semitransparent Ca/Ag cathodes was studied [9]. The
thermodynamic of cesium chloride crystal between 736 K
and 1077 K was investigated using Knudsen effusion mass
spectrometry [10]. The structural stability of some cesium
chloride structure types was studied using full potential method
under the density functional theory [11]. First-principles study
of the rocksalt-cesium chloride relative phase stability in alkali
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halides was investigated [12]. About 20 alkali halides crystals
under hydrostatic pressure were examined the behaviors such
as Cohesive and thermal properties, equations of state
(EOS), thermodynamic stability ranges of the most common
rocksalt (B1) and cesium chloride (B2) phases, phase transition
properties and phase transition [13-24].

It is seen from this brief historical search that no a compre-
hensive calculation of physical properties of cesium chloride
crystal from first principles have so far been done or published.
In this work, the geometric structural optimization, electronic
band structure, total density of valence electrons states, optical
properties, dynamical properties, density of phonon states and
thermodynamic properties of cesium chloride crystal structure
have been examined using a pseudopotential method based on
the density functional theory under the generalized gradient
approximation.

2 Discussion and results

All the parameters of the calculations of electronic band
structure, total density of the valence electron states, linear
optical properties, dynamical and some thermodynamic prop-
erties for cesium chloride compound were performed using
ABINIT code [25] based on density functional theory.
The norm-conserving generalized gradient approximation
pseudopotentials of cesium chloride structure are produced in
the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion functional (PBE-GGA-96) [26] and used in all calcula-
tions. For the electronic wave functions, the plane waves
were chosen as the basis set. For solving Kohn-Sham equations
[27], the conjugate gradient minimization method [28] was uti-
lized. In all calculations, the exchange-correlation effects were
taken into consideration with the Perdew-Burke-Ernzerhof
generalized gradient approximation [26]. As the true valence,
for cesium atom 6s electron and for chloride atom 3s and 3p
electrons were taken. All calculations were performed by tak-
ing one molecule per cubic unit cell. The total energy calcula-
tions were done to a good convergence at 40 hartree of cutoff
energy using 8 X 8 x 8 Monkhorst-Pack mesh grid [29] for
geometric structural optimization, electronic band structure,
dynamical and thermodynamic properties of cesium chloride
crystal structure. However, to calculate optical properties of
cesium chloride crystal structure, the irreducible Brillouin zone
was sampled with 10 x 10 x 10 Monk-Horst-Pack mesh grid.

Using various methods [30, 31], the lattice parameters of
cesium chloride crystal structure was investigated. This crystal
structure has cubic structure with the space groups Pm-3m.
As shown in Table 1, the calculated cubic unit cell has one

Table 1. Crystal structure data of cesium chloride.
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Figure 1. Total energy dependence on volume for cesium chloride.

molecule with two atoms in unit cell. Firstly, the total energy
optimization with respect to cutoff energy has been performed.
The value of cutoff energy was obtained as 40 hartree.
Secondly, the total energy optimization by the number of &
points has been performed. The number of & points was calcu-
lated as 20. Then, ground state energy of cubic cesium chloride
crystal for different volumes around the experimental equilib-
rium volume is calculated. The total energy optimization as
versus the volume of cesium chloride crystal structure is given
in Figure 1. The calculated value of lattice constant is given in
Table 1. As seen from Table 1, the theoretically calculated lat-
tice constant value is 7.5540 bohr. In addition, the experimen-
tal result and calculated value of lattice constant were
compared and given in Table 1. Table 1 indicates that the cal-
culated value for lattice parameters for cesium chloride is
7.5540 bohr, while experimental value is 7.7669 bohr. As seen,
there exists a good agreement between the calculated and
experimental results. The obtained lattice constant was used
for calculation of all physical properties of this structure.

The physical properties such as the electronic band struc-
ture, total density of the valence electron states, optical and
dynamical for cesium chloride have been investigated using
the ABINIT code. Firstly, pseudopotential method based on
the density functional theory within generalized gradient
approximation was used in electronic structure calculations
of cesium chloride. Electronic band structure and total density
of valence electron states of this compound was calculated and
plotted in Figure 2. As seen from the figure that the minimum
of conduction band and maximum of valence band are located
at the I' and M symmetry points on high symmetry directions
of Brillouin zone, respectively. In addition, the obtained band
structure of cesium chloride crystal structure has an indirect

Space group Pm-3m (221)

Cesium Calculated Experimental Atom X y z
chloride (GGA)

a (bohr) 7.5540 7.7669 [17] Cs 0.0 0.0 0.0
E, (eV) 5.46 8.3 [18] Cl 0.5 0.5 0.5
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band gap value of 5.46 eV from M to I' symmetry points of
the Brillouin zone. The theoretical band gap of this compound
is smaller than the experimental result [31]. It is well known
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Figure 2. Electronic band structure and total density of states of
cesium chloride compound from first-principles.
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that the obtained band gap by the pseudopotential method is
smaller than that obtained from experiments due to imperfec-
tion of the method.

Secondly, using the density functional theory within gener-
alized gradient approximation, the real (&) and imaginary (e,)
parts of complex linear dielectric function as a function of the
photon energy for cesium chloride are investigated. Moreover,
the optical constant such as reflectivity (R), absorption coeffi-
cient spectra («), energy-loss functions for volume (—Ime ")
and for surface (—Im(1 +¢)™'), extinction coefficient (k),
refractive index (n) and effective number of electrons (N.g)
depending on the photon energy of this crystal structure are
investigated and given in Figure 3. The calculations only per-
tain to electronic transitions and neglect all lattice vibrational
effects. The calculations of the real and imaginary parts of
complex linear dielectric function have been analyzed from
0 to 38 eV photon energy range and plotted in Figures 3a
and 3b. If we analysis the Figure 3b, the imaginary part of
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Figure 3. Optical spectra of cesium chloride crystal from first-principles.
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complex linear dielectric function shows peaks which corre-
spond to the transition from valence band to conduction band
at many points. In present work, the main peak values in the
calculated imaginary part of complex linear dielectric function
are at 0.24, 4.00, 3.78, 1.00, 0.93, 1.05, 0.59, 0.53 and 0.28 at
528, 7.65, 943, 11.68, 12.52, 13.83, 16.56, 17.74 and
20.59 eV of photon energy. There is no absorption between
0 and 5.46 eV photon-energy range. 7.00-10.00 eV energy
range is of strong absorption and appreciable reflectivity
region. It means that optical absorption increases rapidly in this
range. High reflectivity exists between 10.00 and 12.00 eV.

Real part of the complex linear dielectric function is pre-
sented in Figure 3a. One can see from the figure that the cal-
culated static dielectric constant for cesium chloride crystal
structure is 2.37 at 0 eV of photon energy. Figure 3a shows that
the real part of complex linear dielectric function is equal to
zero at 9.47 and 11.17 eV where the interband transitions con-
sisting mostly of plasmon excitations and the scattering prob-
abilities of volume and surface losses are directly related to
the energy loss function. Furthermore, the range of 0-11 eV
is classified as a normal dispersion and the range of
11-20 eV are characteristic of an anomalous dispersion.

The optical constants such as energy loss function, reflec-
tivity spectrum, extinction coefficient, absorption coefficient
and effective number of electrons were investigated using com-
plex linear dielectric function. The energy-loss functions
describing the energy loss of fast electrons making transitions
in the material for volume and surface are plotted in Figures 3¢
and 3d, respectively. The calculated energy-loss functions for
volume and surface show mainly intense maxima as presented
in Figures 3c and 3d, respectively. Here, the obtained main
peak values for volume loss function are at 0.3, 1.03, 1.04,
1.37, 1.62 and 0.98 at 8.30, 11.42, 12.05, 15.92, 18.20 and
20.90 eV of photon energy, while the obtained main peak val-
ues for surface loss function are at 0.22, 0.57, 0.36, 0.25 and
0.12 at 7.94, 10.76, 15.04, 17.94 and 20.67 eV of photon
energy. These peak values coincide with one of zeros of linear
dielectric function’s real part. The sharp maxima in the energy-
loss functions are related to plasma oscillations. The calculated
extinction coefficient, reflectivity spectrum and absorption
coefficient show mainly intense maxima as presented in
Figures 3e-3g, respectively. Here, the obtained main peak val-
ues for extinction coefficient are at 1.13, 1.34, 0.60, 0.37 and
0.18 at 7.76, 9.68, 14.41, 17.84 and 20.57 eV of photon energy.
The obtained main peak values for reflectivity spectrum are at
0.21, 0.28, 0.11, 0.089 and 0.049 at 7.66, 9.81, 15.42, 18.12
and 21.37 eV of photon energy. The obtained main peak values
for absorption coefficient are at 8.77, 12.92, 8.56, 6.69 and
3.73 at 7.82,9.69, 14.67, 17.87 and 20.67 eV of photon energy.
The effective number of valence electron which contributes to
the interband transition is investigated using the sum rule [32].
This calculation is given in Figure 3h. This figure indicates that
the effective number of valence electron of cesium chloride
crystal structure is zero up to 5.46 eV, then rises rapidly up
to 20 eV and reaches a saturation value above 25.0 eV.

The calculated refractive index of cesium chloride over a
wide range of wavelengths is shown in Figure 4. It is seen from
Figure 4 that the calculated value of refractive index decreases
with a transition from the intrinsic absorption region to long

waves when normal dispersion takes place. A maximum value
of the refractive index as a function of wavelength was
obtained as a value of 2.2.

In the unit cell of cesium chloride crystal contains two
atoms. The cesium atom is located at the point of
(0.0, 0.0, 0.0) which chloride atom at the point of
(0.5, 0.5, 0.5) in the reduced coordinates inside the unit cell.
Using the generalized gradient approximation, the phonon
properties of cesium chloride were investigated. The calculated
phonon dispersion curves and phonon density of states of
cesium chloride crystal along the high-symmetry directions
are plotted in Figure 5. Six phonon branches totally appear
due to two atoms per unit cell for cesium chloride crystal.
While three of them are the acoustical branches, the remaining
are the optical branches. This figure shows that this structure is
dynamically stable because all phonon frequencies are positive.
Because of differences in masses of cesium and chloride
atoms, there is a gap between the acoustical and the optical
phonon branches as expected. The band gap between the
acoustic and optical branches is about 1.2 THz. The frequency
values of longitudinal and transverse optical phonon modes in
the center of Brillouin zone are calculated as 5.45 THz and
3.96 THz, respectively. Some of the acoustical and optical
branches are degenerate along the symmetrical directions
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Figure 4. Refractive index dispersion of cesium chloride com-
pound from first-principles.
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Figure 5. Dispersion curves for phonons and phonon density of
states of cesium chloride crystal from first-principles.
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Figure 6. Thermodynamic properties of cesium chloride crystal from first-principles. (a) Contribution of phonons to free energy as a
function of temperature, (b) phonon contribution to internal energy as a function of temperature, (c) the entropy as a function of temperature,

and (d) specific heat as a function of temperature.

inside the Brillouin zone. As see in Figure 5, the direction from
I' to R and from I" to X is more symmetrical than the other
directions. Transverse acoustical and transverse optical phonon
modes are degenerate along these symmetry directions. When
the symmetry is broken, the degeneracy in the modes along the
other directions disappears. In high symmetry directions of I'
to R and I' to X, acoustical dispersion curves for phonons
are the linear as a function of & for small values of k& as seen
in Figure 5. The phonon density of states is shown in the right-
most panel of Figure 5. While transverse acoustic phonon
modes are between 0.3 THz and 1.6 THz in the phonon den-
sity of states, longitudinal acoustical phonon modes lie to
between 1.6 THz and 2.6 THz in the phonon density of states.
All the optical phonon modes are between 3.5 THz and
5.5 THz in the phonon density of states.

Thermodynamic properties of cesium chloride crystal have
been investigated using whole phonon band structure calcula-
tions. The phonon contributions to the Helmholtz free energy
(F) and internal energy (E), the entropy (S) and the specific
heat (C,) of cesium chloride crystal as a function of tempera-
ture are calculated. These properties as a function of tempera-
ture are plotted in Figure 6. The thermodynamic properties of
this crystal are investigated using the harmonic approximation
[33]. As seen from Figures 6a and 6b, the contribution of pho-
nons to the internal energy and free energy do not vanish at
zero temperature. At zero temperature, the contributions of
phonons to the internal and free energies are same and equal
to 3.8 kJ/mol. As seen from Figure 6a—6c, while the free
energy of cesium chloride crystal decreases, as the temperature
rises, internal energy and entropy increase. The specific heat is
given in Figure 6d. The specific heat reaches a classic limit
value at 830 K.

3 Conclusions

As far as we know, the structure optimization, electronic
band structure, density of states, optical, dynamic and thermo-
dynamic properties of cesium chloride have not been investi-
gated theoretically. In the present work, by linearized
augmented plane wave method using the density functional
theory under the generalized gradient approximation, the geo-
metric structural optimization, electronic band structure, total
density of valence electron state, optical properties, density
of phonon state, dynamical and thermodynamical properties
of cesium chloride crystal structure have been investigated
and discussed in detail. The calculated structure optimization
of cesium chloride structure was compared with the experi-
mental result and a good agreement between them was found.
As a result of the calculations, it is seen that the fundamental
gap of cesium chloride crystal structure is indirect one from M
to I' in the Brillouin zone. The found band gap is smaller than
the experimental one. The real and imaginary parts of complex
linear dielectric function have been investigated as a function
of the photon energy. The obtained phonon spectrum of cesium
chloride crystal structure indicates that this crystal is dynami-
cally stable along the various directions in the Brillouin zone.
Moreover, the temperature dependent thermodynamic proper-
ties such as Helmholtz free energy, internal energy, entropy
and heat capacity are investigated using the harmonic approx-
imation model after calculating the phonon frequencies. The
detailed definition of these properties is given.
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